Characterization of a dielectric/GaN system using atom probe tomography Characterization of Al 2 O 3 gate dielectric on GaN using pulsed laser Atom Probe Tomography is reported. Atomic layer deposition was used to grow 5 nm of aluminum oxide on Ga-polar GaN. No oxidation of the surface of the semiconductor was observed and the interface was found to be non-abrupt. A significant amount of carbon impurities (10 19 /cm 3 ) were detected in the dielectric film that matches well with the estimated bulk trap density from C-V measurements. Our experiments suggest possible correlation between trap-related electrical hysteresis and the observed impurity concentration in these films. III-Nitrides have demonstrated enormous potential in a wide range of applications including high frequency power amplifiers, power switching, and high temperature electronics. Operation of GaN based devices requires the reliable deposition of high quality dielectrics, especially when the device includes metal/insulator/semiconductor structures. These high quality dielectrics reduce leakage currents in high power applications and enable scaling in RF devices. Al 2 O 3 has emerged as appropriate viable gate dielectric for III-nitride-based electron devices 1,2 due to its large band gap (8-9 eV), relatively high dielectric constant (8) (9) (10) , and its high thermal and structural stabilities. Investigating the Al 2 O 3 /GaN interface by non-electrical methods is important since it may provide clear information on the true interfacial structure. Such methods can also provide information on the origin of oxide traps that affect device performance through hysteresis 3, 4 and mobility degradation in highly scaled MOS-HEMT and MOSFET devices. 5 Atomic layer deposition (ALD) has become the predominant method for depositing Al 2 O 3 (Refs. [6] [7] [8] and several other dielectrics due to the great chemical versatility and the exceptional control over film uniformity, conformity, and sub monolayer thickness control. Evaluating the ALD deposited layer quality when interacting with nitrides would also be useful for technology assessment.
The major challenges in the control of high-k/GaN interfaces include prevention of oxidation of the semiconductor during deposition or processing, and the synthesis of interfaces and oxides with low densities of electrically active defects. For example, oxidation and reaction of the semiconductor may be the cause for unintentional doping and interface trap states. The dielectric/nitride systems investigated in this work have not been widely investigated and the relation between interface atomic structure, chemistry, and the electrical properties are not yet fully understood and a deeper structural and chemical structure study is thus necessary.
Atom probe tomography (APT) provides 3D compositional imaging capability with high mass sensitivity and spatial resolution, 9, 10 and enables the analysis of interdiffusion at interfaces and local fluctuations in atomic compositions. This technique has been successfully applied to reveal the atomic scale structure of wide range of materials. [9] [10] [11] However, atom probe analysis of dielectrics is still challenging since microfractures and irregular evaporation can make analysis difficult or impossible. The end radius of the specimen (apex) is less than 100 nm and a high DC voltage of few kV is applied. As a result a very high field is generated at the apex which produces a hydrostatic tensile stress E 0 F 2 /2, where F is the field applied to the specimen and E 0 dielectric permittivity of the vacuum. The stress distribution on the specimen can be found in literature. 12, 13 Due to the shape of the tip, this stress is not homogenous all over the specimen and the variation of the stress results in tip fracture. As a result, the success rate in APT of dielectrics on semiconductors is low mainly due to a weak dielectric semiconductor interface that fractures during the APT analysis. Despite these challenges, we have analyzed dielectrics on GaN and report the results here. In our present work, we applied APT for a detailed characterization of the dielectric/GaN system. The APT data were further used to investigate the impurity concentration inside the dielectric as well as at the interface.
The epitaxial structures investigated in this experiment, shown in Fig. 1 (a), were grown using a Veeco rf-plasma molecular bean epitaxy (MBE) system on GaN-on-sapphire templates from Kyma Inc. The epilayer consisted of 300 nm unintentionally doped GaN on template followed by 50 nm silicon-doped GaN. The nominal doping density was 1 Â 10 18 cm
À3
. Figure 1 (b) shows the surface morphology of the as-grown surface taken using atomic force microscope in tapping mode which shows morphology related to surface dislocations. The oxide layer was deposited in a Picosun ALD system, using trimethylaluminum (TMA) and H 2 O as precursors. After a HCl-based removal of the excess gallium droplets on the surface (which were present on the surface after MBE growth), a nominal 5 nm thick oxide was deposited at 300 C. The pre-deposition treatment of the surface consisted in a 10:1 HF-dip for 15 s. After the oxide deposition, a Ni layer of 200 nm thick was e-beam deposited on the surface to protect the surface from Ga ion damage in Focus Ion Beam (FIB). An FEI Nova Nanolab 600 FIB system combined with an in situ micromanipulator was employed to prepare needle shaped atom probe specimens.
14 Laser-assisted APT measurements were performed using a local electrode atom probe (LEAP) 3000X HR system from CAMECA instruments equipped with a 532 nm green laser system with pulse duration of 10 ps and pulsing frequency of 250 kHz. The analysis chamber typically had a base pressure of 10 À11 Torr. The field evaporation conditions of Al 2 O 3 /GaN specimens were optimized using 0.2 nJ laser energy with a lower detection rate of 0.005 atoms/pulse at a base temperature of 65 K. These parameters were optimized for the favorable field evaporation condition of dielectrics, however for GaN analysis the preferable field evaporation condition is at low laser energy and low temperature. 15 Several measurements were done but the yield of the measurement was quite low due to fracture at the dielectric/GaN interface. From the ion position on the detector and with their time-of-flight data 3D atomic maps were reconstructed using the CAMECA IVAS (Imago visual analytical software). A constant shank angle was used for the reconstruction, assuming a hemispherical end shape. The reconstruction parameters were optimized to achieve flat layer interfaces. Figure 1(c) represents the three dimensional map of the individual atoms from the whole stack Ni/Al 2 O 3 /GaN where green, red, and blue dots represent Ni, Al, and Ga atoms, respectively. The individual layers of metal, dielectric with a nominal thickness of 4 nm and semiconductor are clearly distinguishable. Identifying impurities like C, within the dielectrics was part of this study and have been mapped throughout the structure in Fig. 1(d) . This figure shows clearly the presence of C in the dielectric layer as well as in the metal layer whereas GaN layer shows almost no carbon. A mass to charge (M/C) ratio spectrum obtained in this analysis for Al 2 O 3 /GaN is shown in Fig. 2(a) which reveals molecular ions from Al-O along with Al 1þ , Al 2þ , and Al 3þ . The M/C spectrum shown in Fig. 2(a) [16] [17] [18] In this case the mass spectrum does not show the same evidence; there appears to be no GaO x detected at the Al 2 O 3 /GaN interface. This spectrum also reveals the presence of impurities like C.
One dimensional composition profiles of Ni, Al, O, Ga, and N were obtained using a 20 nm diameter cylindrical data pipe from the full reconstruction shown in Fig. 2(b) . The layer interfaces were aligned approximately perpendicular to the axis of the cylinder. This profile presents the composition of each element. An Al-rich matrix measured composition of 41.2 6 1 at. % Al and 50.5 6 1 at. % O with less than 2 at. % C. The measured Al/O ratio is therefore 0.81 6 0.3 as compared to the expected value of 0.67. While the oxide may be oxygen deficient, the deviation from the stoichiometry can also be explained by a possible loss of O 2 evaporated as neutral molecule and/or by the overlap between O 2 2þ and O þ peaks leading to an underestimation of the amount of O. 19 Moreover, it is commonly observed in atom probe on oxides/nitrides that there is evaporation between the pulses which are not detected that adds up to the loss of anions. Thus atom probe can not provide an accurate measurement of the metal to oxygen ratio within the oxide and cannot be considered to be the right technique for measuring stoichiometry. This profile also presents the nature of the Al 2 O 3 /GaN interface which is not abrupt. The N profile shows around 6% of N is present inside the dielectric. SIMS analysis was attempted to compare the composition measurement with that obtained by atom probe (data not shown here). However, proper quantification of this sample was not possible. The dielectric layer had a thickness of 4-5 nm and was capped with a polycrystalline Ni layer of 200 nm, which itself contained some amount of carbon contamination, During sputtering the sample surface roughened to the point that the carbon content of the thin dielectric layer could not be clearly discerned in the resulting broadened interface region. The presence of C in the dielectric could play an important role in device performance; it could act as an interface or bulk trap leading to hysteresis as well as long-term shifts in the threshold voltage. A high density of charged defects in the insulator could also lead to remote impurity scattering in the two dimensional electron gas. 5 It is therefore very important to quantify this impurity inside the dielectric. For this purpose, we have separated the dielectric volume for detailed analysis. Figure 3(a) shows the dielectric volume of 25 Â 40 Â 3 nm 3 with the presence of impurity material C (individual carbon atoms are shown as violet spheres). In Fig. 3(b) , the M/C spectrum corresponding to this volume is presented and shows the presence of C along with N. The presence of N within Al 2 O 3 was already exhibited in the composition profile to be around 6%, as shown in Fig. 2(b) ; however, the N mass peak in Fig.  3(b) is relatively high which can be attributed to the volume selection due to the unintentional inclusion of some part of GaN. It is well accepted that the atomic concentration in atom probe cannot be detected below 10 17 /cm À3 . 11, 20 The mass spectrum reveals an identifiable carbon peak which implies that the concentration level must be well above 10
Since the presence of carbon is undesirable and identified as an impurity, there is a need to quantify the impurity concentrations as accurately as possible. In order to do that, we have taken the known atomic volume of Ga atoms as a standard for estimating the C concentration. The number of C atoms present in the mentioned volume give us an estimated impurity concentration at 2 Â 10 19 /cm À3 within the dielectric layer. Similar treatment was done to the metal layer and the GaN layer with the same volume so as to compare the C concentration within each layer. Metal layer shows higher C content (10 20 /cm À3 ), whereas no C was detected in GaN which indicates that the amount of C within GaN is below the detection limit of APT. The C in MBE grown GaN in this system from SIMS calibrations is typically around 10 16 cm À3 which is three order magnitude less than the C content found in dielectric layer. This implies clearly that the C found in dielectric layer does not originate from the atom probe analysis chamber but from the growth process itself. APT measurement was also carried out by replacing the metal layer on top of the dielectric by a low temperature GaN layer, in which the presence of [C] within the dielectric was found to be of the same order of magnitude 21 evidencing the presence of C within the dielectric, which has not diffused from any other layer. This measured C concentration agrees well also with the metalorganic chemical vapor deposition (MOCVD) grown Al 2 O 3 /GaN sample. 21 It is also found that by decreasing the growth temperature in MOCVD, the concentration of C can be decreased. 22 [C] measurement on Al 2 O 3 /GaN varying different temperatures is reported in the literature. 21 This confirms that the carbon incorporation is due to the ALD process itself, rather than extrinsic factors related to the semiconductor or metal deposition. I-V and characteristics of the Ni/5 nm Al 2 O 3 /GaN diodes are shown in Fig. 4(a) . We observed relatively low leakage currents in reverse bias, confirming the quality of the dielectric layers. Capacitance-voltage measurements of the diodes show a shift in flat-band voltage as a function of thickness (Fig. 4(b) ) which was shown previously 23 to originate from fixed charges at the interface. We measured the hysteresis in the capacitance-voltage characteristics to estimate the trap density (Fig. 4(c) ) for each of the three thickness values reported here. The measured trap density increased with oxide thickness, indicating the presence of bulk traps. Based on the samples with lower dielectric thickness (6 nm), we estimated a bulk trap density of 2 Â 10 19 cm À3 , which is of the same order as the carbon concentration determined from the atom probe measurements. As the thickness is increased further; however, the total modulated trap density saturates. During bias sweeps, mid-gap bulk states in the dielectric could be modulated as the gate voltage is swept and the quasi-Fermi level crossing the trap level. Whether the trap state charges or discharges depends on several factors including on the relative position of the Fermi level and the proximity of the trap charge to a source or sink for the electrons. The trap charges near the dielectric/semiconductor and dielectric/metal interface are, therefore, most likely to be modulated since tunneling of electrons is easiest for these states. The bulk traps are less likely to be modulated further away from the interfaces, as confirmed by the measurements, which show that for the thickest sample, the effective trap density was lower. While a detailed understanding of the electrically modulated trap charge density would require further analysis beyond the scope of this paper, the similarity in the concentration of trap charges extracted here and their dependence on thickness could point to a correlation between the carbon level and the trap density extracted from the C-V measurements. The results presented here suggest that further investigation of the connection between the carbon concentration in the dielectric and the capacitance hysteresis could be valuable in reducing hysteresis in these devices. Furthermore, the direct impact of thickness of the dielectric on the measured hysteresis suggests that it is important to take into account not just the interface, but also near-interface states within the oxide.
In conclusion, laser-assisted APT was used on a dielectric/III-V nitride system for a compositional and interfacial study of the structure. It was found that the interface of dielectric and GaN was not abrupt; however, no GaO x was evident at the dielectric/GaN interface. Detailed characterization of impurities like carbon was done and was found in the order of bulk trap density. This information could potentially be used to improve device reliability and performance.
